Lysine acetylation is a post-translational modification found on numerous proteins, a strategy used in cell signaling to change protein activity in response to internal or external cues. Sirtuin 1 (SIRT1) is a central lysine deacetylase involved in a variety of cellular processes including metabolism, apoptosis, and DNA repair. Here we characterize the lysine acetylome in mouse liver, and by using a model of Sirt1 -/-knockout mouse, show that SIRT1 regulates the deacetylation of 70 proteins in the liver in-vivo. Amongst these SIRT1-regulated proteins, we find that four RNA-processing proteins and a chromatin-remodeling protein can be deacetylated by SIRT1 directly in-vitro. The discovery that SIRT1 has a potential role in RNA-processing suggests a new layer of regulation in the variety of functions performed by SIRT1.
Introduction
Cell signaling is an important aspect of cellular activities in response to internal and external stimuli. Events that involve an increase of protein activity, change in protein subcellular localization, cross-talk with other proteins and pathways often require cell signaling proteins to adopt post-translational modifications of specific amino acid residues [1] . Lysine acetylation is a post-translational modification that was first discovered on histones and later on thousands of non-histone proteins such as transcription factors, binding proteins and enzymes [2] . In metabolic pathways involving glucose and lipid metabolism, the majority of enzymes are acetylated [3] . Acetylation not only changes enzyme activity, but also interactions with other proteins through altered conformation or charge. This effect contributes to energy homeostasis that allows the cell to respond effectively to a changing environment.
Lysine acetylation is a reversible process involving two classes of enzymes that act in opposition to each other: lysine acetyltransferases place an acetyl group on proteins, while lysine deacetylases remove the acetyl group [4] . One class of lysine deacetylases belong to the family of sirtuin deacetylases (SIRT1-7) that are important in stress response, ageing and metabolism [5] . Among the seven sirtuins, we focus on SIRT1 to understand its pathways due to its representative status in the sirtuin family.
SIRT1 is important in a huge diversity of cellular processes such as DNA repair, apoptosis, cell proliferation, metabolism, and cancer [5] [6] [7] . A common theme among these functions is that most of SIRT1 functions occur in the nucleus and SIRT1 deacetylates histones or other proteins in the nucleus such as transcription factors or chromatin-remodeling proteins. The deacetylation step requires NAD + , a central metabolite that regulates the cellular redox status and is strongly correlated to nutrient availability [8] . SIRT1 has been associated with benefits in metabolism such as improved glucose metabolism, lipid utilization, and insulin sensitivity. Some of these metabolic benefits are, in part, due to direct deacetylation and changes in activity of master transcription factors and coregulators such as PPARα, PGC1α, FOXO1 and SREBP1C [9] [10] [11] [12] [13] . Acetylation of proteins related to mRNA transcript splicing can be important in the downstream regulation of transcripts, yet the identity of many of these splicing regulators have not been fully known [14] . Neither is it understood whether these splicing regulators can be specific direct targets of deacetylase SIRT1. The liver is a major metabolic organ that achieves a huge variety of roles related to detoxication, protein synthesis, and glucose and fatty acid metabolism. For example, SIRT1 is important in glucose metabolism by deacetylating proteins such as PGC1α [12] . The amount of acetylation and deacetyation is highly regulated, as SIRT1 and other sirtuins work closely with acetyltransferases such as TIP60, and in some settings, directly change the acetylation and activity of these acetyltransferases [15] . The deacetylation function of sirtuins can also affect other post-translational modifiers such as methyltransferase SUV39H1 that produce heterochromatin marker lysine 9 methylation on histone H3 to reduce transcription of a large number of targeted genes [16] . Because of the rather complex nature of SIRT1 regulation, we chose to focus on the nucleus to find direct targets of SIRT1 deacetylation. We conducted a proteomic analysis of SIRT1-regulated proteins in the liver and compared the deacetylated proteins in knockout Sirt1
-/-mice with control Sirt1 +/+ mice. We found a number of RNA-processing coregulators and chromatin-remodeling factors that are differentially deacetylated and showed that these targets can be specifically deacetylated by SIRT1 in-vitro. Our results are similar to a previous acetylome study, suggesting the validity of our data [17] . Furthermore, we have found additional SIRT1-regulated proteins that could be important in the myriad of functions achieved by SIRT1 in the nucleus. These SIRT1 substrates could be further tested in conjunction with known key regulators in the liver, especially by using point mutations that disrupt the putative deacetylated lysine residues.
Materials and Methods

Animal Study and Ethics Statement
Sirt1 knockout mice (Sirt1 -/-) were created by crossing Sirt1-floxed mice [18] to mice expressing a ubiquitously expressed mER-Cre (GSK-licensed) to delete 51 amino acids at exon 4 of Sirt1 gene. The resulting truncated SIRT1 protein is catalytically inactive [18] . Sirt1 control mice (SIRT1 +/+ ) were Sirt1-floxed mice without the Cre driver. All mice were in C57BL/6 background and housed at room temperature (25°C). Both the SIRT1 +/+ and Sirt1 -/-mice were maintained under the same conditions in this study. Before tissue harvesting, all mice were fasted for 24 hours to enhance SIRT1 activity. All animals were maintained on a normal chow diet at Sirtris, a GSK Company (Cambridge, MA) following the guidelines of the institutional animal use and care committee (IACUC). All protocols and animal ethics were approved by the Sirtris IACUC. The animals were sacrificed by asphyxiation using carbon dioxide followed by cardiac puncture. Immunoprecipitation with Pan-acetyl-lysine Antibody
Preparing Liver Extract and In-Solution Tryptic Digestion
The digested peptides were resolubilized in NETN buffer (50 mM Tris-HCl [pH = 8.0], 1 mM EDTA, 100 mM NaCl, 0.5% NP-40, and protease inhibitor cocktail (Roche)) and incubated with agarose bead coupled to anti-acetyl-lysine antibody (ICP0388, Immunechem) for overnight at 4°C with shaking. The acetylated peptides bounded to the beads were washed three times with NETN buffer and twice with ENT buffer (50 mM Tris-HCl [pH = 8.0], 1 mM EDTA, 100 mM NaCl), then eluted from the beads by washing three times with 1% trifluoroacetic acid then dried completely. For normalization, 100 fmol of trypnisized acetylated BSA peptides were added.
LC-MS/MS analysis of Immunoprecipitated Peptides
The pan-acetyl-lysine antibody pull-down samples were desalted with a hypercarb Toptip column (Poly LC, MD, USA). The eluted peptides with 60% acetonitrile (ACN) were vacuumdried, reconstituted in 30 μl of 0.1% FA, and then subjected to LC-MS/MS analysis. Peptides were separated by online reverse phase liquid chromatography (RPLC) using an Easy-nLC equipped with an autosampler (Thermo Scientific). A Thermo Acclaim PepMap RSLC, 50 μm x 15 cm, 2-μm nanoViper C18, 100 Å analytical column was used for the separation. A precolumn (Thermo, 75 μm × 2 cm, 3 μm C18, 100 Å) was brought in line with the analytical column and a 120-min gradient (solvent A, 0.1% FA in water; solvent B, 0.1% FA in ACN) from 5-30% solvent B was used for separating the peptides. The Q-Exactive mass analyzer was set to acquire data at 35,000 FWHM resolution for parent full-scans followed by data-dependent high collision-energy dissociation (HCD) MS/MS of the top 12 most abundant ions acquired at 17500 FWHM.
Peptide Identification from LC-MS/MS data
Proteins were identified and quantified through the Proteome Discoverer 1.4 platform (thermo) by using Sequest HT searching engine and the mouse database. Sequest parameters were used as follow: Carbamidomethylation of cysteine and acetylation of lysine were set as fixed modifications and oxidation of methionine and deamination of asparagine (D) and glutamine (Q) were set as variable modifications. Trypsin was the protease selected and up to two missed cleavages was used. Mass tolerance for the precursor ions was 10 ppm and for the MS/MS 0.2 Da. Only peptides with minimal length of four amino acids were considered and peptides were filtered for maximum false discovery rate of 1%. Acetylated peptides were further manually confirmed by comparing their detected fragmentation ions with theoretic counterparts and guaranteeing the appearance of m/z 126.0914 corresponding to acetylated lysine.
Immunoblotting and Immunoprecipitation
Liver tissues were homogenized with PLC lysis buffer containing protease inhibitor cocktail and cleared by centrifugation at 12,000 rpm for 15 min. Protein concentration was determined using BCA method (Sigma). Equal amount of lysate from mouse liver extracts were resolved by SDS-PAGE, transferred onto PVDF membranes, and probed with antibodies recognizing the carboxy terminus of SIRT1 (#2028, Cell Signaling), Tubulin (#05-661, Millipore), Histone H2A (#2595, Cell Signaling), hnRNP L (ab6106, Abcam), and hnRNP C1/C2 (ab10294, Abcam). For immunoprecipitation (IP) assay, 1 mg of tissue extracts was incubated with panacetyl-lysine antibody immobilized to agarose beads (ICP0388, ImmuneChem) for overnight at 4 degree followed by washing with lysis buffer for six times. The resulting immunoprecipitants were eluted using 2X laemmli sample buffer and subjected to western blotting analysis using the indicated antibodies.
In-vitro Deacetylation Assay
Deacetylation assay was performed using recombinant SIRT1 (#524743, Calbiochem) and a SIRTainty Class III HDAC Assay Kit (Millipore) on synthetic acetyl-lysine peptide substrates (Mimotopes) of heterogeneous nuclear ribonucleoprotein L acetylated at K62, Isoform 1 of Zinc finger protein 638 acetylated at K1302, Isoform 2 of RNA-binding protein 10 acetylated at K54, Isoform 3 of heterogeneous nuclear ribonucleoproteins C1/C2 acetylated at K240, SWI/ SNF complex subunit SMARCC2 isoform 2 acetylated at K769, U4/U6.U5 tri-snRNP-associated protein 1 acetylated at K11. The levels of lysine deacetylation were determined by measuring the intensities of the fluorescent signals generated by free ammonia using a fluorescence plate reader (Tecan).
Protein Ontology analysis
Protein ontology was analyzed using Uniprot/Swiss-Prot and Database for Annotation, Visualization, and Integrated Discovery (DAVID).
Statistics
Results are expressed as mean ± SEM. The difference between two mean values was compared using two-tailed Student's t-test. A P value of < 0.05 was considered statistically significant. All experiments were performed at least three times.
Results
Experimental strategy for identifying the lysine acetylome in Sirt1 +/+ and Sirt1 -/-mice Lysine acetylome has been previously characterized in liver tissues [3, 17, 19] , but how much of this acetylome is regulated by SIRT1 remains unknown (also see [20] ). Here we focused on a subset of the liver acetylome that is regulated by SIRT1 by comparing the acetylome between Sirt1 -/-and control (Sirt1 +/+ ) mice (Fig 1) . Liver tissues dissected from Sirt1 +/+ and Sirt1 -/-mice were used for proteomic analysis using mass spectrometry to find a comprehensive collection of acetylated proteins. Briefly, the tissues were digested with trypsin that cleaves peptides at lysines or arginines only when they are not acetylated (Fig 1) . Hence the ends of the resulting peptides are not acetylated lysines but any lysines found in the middle of the cleaved peptides are acetylated and are what we analyzed further. As an internal control, a fixed amount of acetylated bovine serum albumin (BSA) peptides were added. To enrich the peptides containing acetyl lysines, peptides treated with trypsin were immunoprecipitated using an anti-acetyllysine antibody and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/ MS). The peptides found by LC-MS/MS were identified by comparing to the mouse database using SequestHT.
Identification of Acetylated Proteins in Sirt1
+/+ and Sirt1 -/-Mouse Livers
To verify that the Sirt1 mutation induced by the Cre driver is complete in the liver, western blot analysis was conducted using an antibody against SIRT1 using the liver samples from control or Sirt1 -/-mice. We found that the normal-sized SIRT1 protein was completely absent in the knockout Sirt1 -/-sample and instead there was a smaller SIRT1 protein, suggesting that exon 4 of Sirt1 gene had been efficiently deleted (Fig 2A) . This smaller SIRT1 protein has defective deacetylation activity as reported previously [18] .
To test whether our acetylome results are reliable, we compared our data to a previously published acetylome study [17] . Kim et.al. used the mitochondrial fraction of wild-type mouse livers to perform a lysine acetylome study. For fair comparison, we looked at a subset of our control mice data and filtered for only the mitochondrial proteins. Comparison of the two datasets revealed that 18 of 29 proteins (or 62%) in our study are also found in the Kim et.al. data (Fig 2B) . The close similarity of the data suggests that our acetylome results are credible.
To find SIRT1-regulated proteins, we analyzed our data for peptides that were enriched in acetyl lysines in Sirt1 -/-but not in control mice. As expected from the inhibition of a protein deacetylase, mice deficient for SIRT1 activity show hyperacetylation of a broad range of proteins. Out of a total of 807 acetyl lysine peptides from 114 proteins identified by mass spectrometry (S1 Table) in the two genotypes, a large majority comprising 583 peptides from 70 proteins is only found in Sirt1 -/-but not in control mice (Fig 2C and 2D ).
To better understand the biological function of these 70 differentially regulated proteins, protein ontology was used for classification by subcellular localizations and biological processes (Fig 3A and 3B) . The proteins were categorized into: transcription/post-transcription regulation (16%), fatty acid metabolism (10%), amino acid metabolism (11%), ion and protein transport (19%), antioxidant and detoxification (9%), TCA/urea cycles (4%), metal and ion binding (8%), chaperone (6%), and apoptosis (1%) (Fig 3B) . Most of the proteins (10 out of 11 proteins) with roles in transcription / post-transcription regulation are found in the nucleus and represent our main focus as SIRT1 is predominantly nuclear. In addition, cytosolic target proteins are also present and we think that these are downstream indirect targets of SIRT1. These cytosolic proteins are divided into categories of antioxidant and detoxification, metal and ion binding, and amino acid metabolism. Interestingly, mitochondrial proteins represented the biggest cluster (47%) of SIRT1-regulated proteins, many of which are proteins involved in tricarboxylic acid (TCA) cycle, fatty acid oxidation, ion/electron transport (Fig 3A and 3B) . This is perhaps a little surprising as SIRT1 protein is commonly known to exert its function in the nucleus. However, we note that it has recently been shown that SIRT1 also affects the function of a mitochondrial deacetylase SIRT3 [21] , suggesting that some of the mitochondrial proteins that we have identified to have altered acetylation patterns in Sirt1 -/-might have been mediated through SIRT3.
Because the differentially regulated proteins are found in all regions of the cell (Fig 3A) , we asked whether it is appropriate to extend our further analyses to regions other than the nucleus. We took a broader view of the total proteins identified in Sirt1 -/-and control mice and found that the removal of SIRT1 activity appeared to have little change in the proportion of most classes of subcellular localizations and biological processes, suggesting that the pleiotropic effects are most likely indirectly regulated by SIRT1 (Fig 3C to 3F) . The main exception where the proportional change is the biggest is in the nucleus and in transcription/post-transcription function, which is consistent with current paradigm that SIRT1 has a direct nuclear role. Hence, we restricted our further analyses to SIRT1-regulated nuclear proteins. 
Identification of New SIRT1 Deacetylation Targets
Given the discovery of acetyl lysine peptides in the liver extracts from Sirt1 -/-mice, we next questioned whether the candidate peptides could be deacetylated by SIRT1 directly in-vitro. There were in total ten nuclear proteins comprising 38 acetylated peptides ( Fig 3A and Table 1 ). All except four peptides contained acetyl lysine sites that were novel and not found in existing databases Uniprot and PhosphoSitePlus (www.phosphosite.org). Of the 38 acetylated nuclear peptides, we selected six peptides that were abundant in the LC-MS/MS data ( Table 2) . Synthetic acetyl lysine peptides were generated for these six candidates and an in-vitro deacetylation assay was used to test whether the acetylation modifications can be removed by SIRT1. Out of the six candidate peptides, we found that in the presence of NAD + , a group of five that included heterogeneous nuclear ribonucleoproteins hnRNP L K62ac and hnRNP C1/C2 K240ac, U4/U6.U5 tri-snRNP-associated protein SART1 K11ac, RNA-binding proteinRBM10 K54ac, and SWI/SNF complex subunit SMARCC2/BAF170 K769ac that showed significant deacetylation by SIRT1 (Fig 4) . This deacetylation was rescued by suramin, a broad-spectrum sirtuin inhibitor, suggesting that the deacetylation is specific to sirtuins [22] . These proteins are associated with RNA-processing or chromatin-remodeling, and particularly for RNA-processing, suggested a new layer of regulation by SIRT1. Positive control acetylated histone H3 peptide showed a similar acetylation pattern as the other five peptides, suggesting that the assay was robust (Fig 4) . The sixth peptide ZNF638 K1302ac could not be deacetylated by SIRT1 (data not shown). To further verify these observations in vivo, we used the liver extracts prepared from SIRT1 WT and Sirt1 -/-mice. We immunoprecipitated the acetylated proteins using the pan-acetyl-lysine antibody and then we evaluated the amount of specific acetylated proteins in the IP samples by their corresponding antibodies. As shown in Fig 5, we observed significantly more acetylated hnRNP L and hnRNP C1/C2 proteins in Sirt1 -/-mice as compared with the WT mice. These results suggest that regulation by SIRT1 in the nucleus can extend to RNA-processing and raise the possibility that such regulation can be crucial to the metabolic benefits that SIRT1 provides in the liver. Although the majority of the previous studies were focused on the role of SIRT1 in regulating nuclear proteins, there were several reports on SIRT1's function in cytoplasm and mitochondria [23] [24] [25] [26] [27] . Therefore, we have selected seven candidate sites (S2 Table) for SIRT1 deacetylation from seven non-nuclear proteins in our list and examined the SIRT1 deacetylase activity on these substrates in vitro. As shown in S1 Fig, SIRT1 deacetylated HADH K202ac and CPT2 K93ac in the in vitro assay but not the other five candidate sites. Whether these two acetylation sites were direct targets of SIRT1 deacetylation in vivo remained to be determined.
Discussion
The liver is a key metabolic organ regulating lipid and glucose metabolism in mammals. In response to nutritional and hormonal signals, the liver switches between modes of energy storage and energy production to maintain metabolic homeostasis in humans. SIRT1 plays a central role in the regulation of hepatic glucose and lipid metabolism by deacetylating various targets whereby modulating their molecular functions. For example, during short-term fasting, SIRT1 increases and leads to reduced TORC2 acetylation and decreased gluconeogensis [28] ; during prolonged fasting, SIRT1 deacetylates and activates PGC-1α to promote fatty acid oxidation and glucose homeostasis [9, 12, 29, 30] . In addition, SIRT1 promotes gluconeogenesis by deacetylating and activating FoxO1 in liver [31] . Through deacetylation of the SREBP proteins, SIRT1 also regulates hepatic lipid metabolism [11, 32] . To explore further and systematically for novel SIRT1 targets in the liver, we conducted a comprehensive study to identify the lysine acetylome of knockout Sirt1 -/-and control Sirt1 +/+ mouse livers. Our results are consistent with a previous acetylome study [17] , as the two datasets shared a large overlap of 62% of the proteins found in our study. Moreover by comparing the results from Sirt1 +/+ to a model of Sirt1 -/-mouse, we showed the SIRT1 is important for the deacetylation of 70 proteins of wide-ranging functions. We further pursued the putative SIRT1 direct targets in the nucleus by testing them using in-vitro deacetylation assays to show that the candidates can be deacetylated by SIRT1 protein. We verified that four RNA-processing proteins and a chromatin-remodeling protein are new SIRT1 deacetylation substrates. The discovery that SIRT1 can deacetylate RNA-processing proteins is particularly interesting. hnRNP C1/C2 and hnRNP L belong to the family of~20 hnRNP proteins that are highly abundant in the nucleus and play a crucial post-transcriptional role in RNA splicing, nuclearcytosolic shuttling and translation [33] . Subunits of hnRNP complex are added or removed in (6) U4/ U6.U5 tri-snRNP-associated protein 1 (SART1) K11ac. Suramin is a broad-spectrum sirtuin inhibitor. Fluorescence level measured the amount of deacetylation. Graphs in this figure are representative of three independent experiments (mean ± SEM) (*P <0.1, **P <0.01, and ***P < 0.001).
doi:10.1371/journal.pone.0140619.g004 a dynamic fashion as the RNA transcript is spliced, exported to the cytoplasm and associate with the translation machinery. These proteins are found in most tissues, but at a different level. hnRNP proteins are known to have post-translational modifications such as phosphorylation, sumoylation, ubiquitination, and methylation that can affect the protein stability and cellular localization [34] . Acetylated hnRNP A1 protein has been previously found [17] and a recent paper also showed the importance of acetylation in affecting the splicing activity of hnRNP F protein [14] . Here we identified acetylated peptides of two additional proteins hnRNP C1/C2 and hnRNP L, and showed that the acetyl group can be removed by SIRT1 both in-vitro and in-vivo. Their importance to post-transcription regulation, a basic function that can be involved in multiple biological processes, agrees with the role of SIRT1 in diverse cellular functions. Additionally, hnRNP C1/C2 protein is known to regulate mRNA translation of X-chromosome linked inhibitor of apoptosis (XIAP) to reduce apoptosis [35] . As SIRT1 also mediates apoptosis through p53 [36] , it will be interesting to test whether there is genetic interaction between p53 and hnRNP C1/C2.
Our next identified target is RNA-binding motif protein RBM10 that interacts with hnRNP proteins and performs mRNA alternative splicing function [37] . Mutations in RBM10 cause the TARP syndrome with multiple congenital anomalies. Since the protein is widely present and yet appears to act in a tissue-specific manner, we speculate that deacetylation by SIRT1 might act as a modulating switch to change the activity of RBM10. The fifth protein U4/U6.U5 tri-snRNP-associated protein 1 (SART1) is a component of the spliceosome that performs mRNA splicing. In the liver, SART1 is upregulated during Hepatitis C viral infection in response to interferon-α to promote mRNA expression or alternative splicing of interferonstimulating genes [38] . We hypothesize that SIRT1 may contribute to the defense mechanism by modifying the acetylation and activity of SART1 during Hepatitis C infection. This provides an additional layer of regulation of important spliceosome proteins of which the activity could fine-tune the magnitude of the anti-viral immune response.
Chromatin-remodeling proteins have already been known to be lysine-acetylated, examples of which are RbAp46 of Sin3a and NuRD deacetylase complexes, and ING4 of a complex containing acetyltransferase HBO1 and PHD finger protein 15 [17] . The identification of SWI/ SNF complex subunit SMARCC2 (BAF170) as a specific SIRT1 substrate adds to the broader picture of the extensive role of acetylation in nucleosome disruption and sliding. This result has implications in the study of epigenetics in development and differentiation.
Because the specific lysine residues of the five new SIRT1 substrates have been reported reliably in the mass spectrometry analyses and verified by in-vitro assays, this opens the possibility for the creation of genetic mutants with the corresponding mutations. These site-specific mutations may be less deleterious than null mutations and this allows the careful characterization of phenotype that may otherwise require more complex combinations of tissue-specific Cre and Flox transgenes. Moreover, our identified SIRT1 substrates are RNA-processing proteins that are probably involved in multiple pathways and may give a complex pleiotropic phenotype if the entire gene is removed. It may be useful to create a very specific mutation at the site of the lysine residue to allow the study of the mechanism of acetyl lysine signaling.
Insights into the regulation of SIRT1 has strong medical relevance because disruption of SIRT1 can cause cancer, diabetes and neurodegenerative diseases such as Alzheimer's, Parkinson's, and Huntington's diseases [6, 39, 40] . Understanding the lysine acetylome can help in the search for small-molecule SIRT1 modulators that may prevent, slow down, or reverse the progression of these diseases. (EPS) S1 Table. List of the acetylation sites tested in the SIRT1 in vitro deacetylation assay (mitochondrial and cytosolic proteins).
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